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Simulating Perforation Permeability Damage and Cleanup

J. P. Morris, I. N. Lomov, and L. A. Glenn, Lawrence Livermore National Laboratory

ABSTRACT

Completionof casecandcementedvells by shapedthage per
foration causedts own damageto the formation, potentially
reducingwell productiity. In practiceit is found that under
balanceconditionscleanup the damagedzoneto someextent,
however, the mechanism®f theseprocessesre poorly under
stood. Most hydrocodesypically usedto simulaterock re-
sponse&o shapedthage penetratiordo not provide permeabil-
ity estimatesFurthermorethetime scalesfor formationclean
up are potentially muchlongerthanthe period of jet penetra-
tion. We have developeda simple, yet accuratemodelfor the
evolution of porosityandpermeabilitywhich caneasilybe in-
corporatednto existing hydrocodesisinginformationfrom the
history of eachcell. In addition,we have developeda codethat
efficiently simulatedfinesmigrationduring the post-shotsuige
period using initial conditionstaken directly from hydrocode
simulationsof jet penetration.Resultsfrom a one-dimensional
modelsimulationarein excellentagreementvith measureger
meability distributions. We also presenttwo-dimensionahu-
merical results which qualitatively reproduceexperimentally
obtainedpermeabilitymapsfor different valuesof underbal-
ance.Althoughinitial resultshave beenpromising furthercom-
parisonwith experimentis essentiato tune the coupling be-
tweenthe hydrocodeandfines migration simulator Currently
the permeabilitymodelis mostappropriatdor high permeabil-
ity sandstoneésuchasBerea),but with little effort, the model
canbeextendedo otherrocktypes,givensufiicientexperimen-
tal data.

INTRODUCTION

Shapecthage perforationis a field proventechniquefor com-
pletion of casedandcementedvells. The perforatingprocess,
however, causests own damageto the formation, potentially
reducingwell productvity. In practiceit is foundthatthis dam-
agedzoneis somavhat cleanedup if the pressuran the well-
boreis setlower thanthe formationprior to perforation.How-
ever, themechanismsf thedamageandclean-upprocesseare
poorly understood.

Optimizationof perforationperformanceaequiresa capa-
bility to predictthe influenceof variousshaped-chaye param-
eters(underbalancepverbalanceandliner andchage design)

uponpost-perforatiorpermeability Most hydrocodegypically
usedto simulaterock responseo shapecdthaige penetratiordo
not provide permeabilityestimatesincethe rock permeability
doesnot effect the progresof the jet. Hydrocodesdeveloped
to simulatetheseeventstypically only considerrock properties
which directly relateto rock strengthandmechanicatesponse
(e.g.:porosity).Overthetime scaleof ashaped-chaeperfora-
tion, it is assumedhatary fluid within therock hasnotimeto
move betweerpores hencepermeabilityis assumedkrelevant.
Furthermore jet penetrationtypically ceasesafter a few hun-
dredsof microsecondsandthe post-shosuigeperiod,known to
be crucialin determiningthe final permeabilityof the perfora-
tion, occursovertime scalesmeasuringseconds.

While permeabilitydoesnot directly impactthe mechani-
cal respons®f therock, clearlythe permeabilityis expectedo
changein responséo pore collapse,bulking, microfracturing,
andfines migration. Many authorshave soughtto relatefinal
permeabilityto the stresshistory of a hostrock. Papamichost
al.! usedporoelasticityto predictthe stresseslueto a shaped-
chagejet. Theseresultswerecombinedwith estimate®f grain
crushinganda simple permeabilityrule to estimatethe extent
of the reducedpermeabilityzone. McKeeandHansoR devel-
opedan expressionfor the radial dependencef permeability
in rock createdby a singlechaige. Their techniquerelatedper
meabilityto estimate®f fracturingdueto anexplosion. These
approachesssumedelatively simple configurationsin order
to obtaina descriptionof the stressinducedin the rock. Zhu
andWong®* investigatedherelationshipbetweerpermeability
and deformationusing a network model and provided insight
into theformationof connectednicrocracksandtheirinfluence
uponpermeability

In previouswork®, we developeda simpleyet robustmodel
which hasbeenincorporatednto existing, provenhydrocodes.
This approachwas suitableonly for quasistaticevolution of
porosityandpermeability In addition,this approachmeglected
the influenceof free fine particles,which reducepermeability
by blockingporesandareexpectedo beremovedby underbal-
ance.Dey® suggestshe migrationof clay particlesmayreduce
permeabilityby 30% after cyclesin effective meanstressof as
little as 30 MPa (while porosityis obsenedto be entirely re-
versible). The perforationprocesss expectedto produceand
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mobilizemary fine particleswhich subsequentlyeduceperme-
ability andflow performance.lt may be reasonabléo assume
thatmigrationof finesdoesnot have a significantinfluenceon
the permeabilityduringthe shotof theshapedhage. However,
subsequernflushingof the perforationand surroundingrock is
expectedto leadto substantiachangesn permeabilitydueto
finesmigration.

Themigrationof finesin porousmediain generahasbeen
studiedin detailby previousauthorgseeKhilar andFogler’ for
areview). Halleck® presentec simplemodelfor predictingthe
cleanupof thereducedpermeabilityzone.However, this model
did notincludedepositionof fines(andthus,couldonly predict
improvementsn permeabilitywith underbalance)lmdakmand
SahimP useda Monte Carlotechniqueto predictthe reduction
in permeabilityof a network of pores. Injectedparticlesmi-
gratedaccordingo arandomwalk andblockedtubesof smaller
radii in the network, reducingthe network permeability Their
approachdid notallow thepossibilityof finesbeingre-entrained
into the flow. Wennbeg et al.° developeda two-dimensional
simulatoremploying a simple modelto investigatethe general
behaior of depositionprocessesTheir simulationsexhibited
the formation of cloggedbandsboth paralleland perpendicu-
lar to the flow direction, dependingupon the systemparame-
ters.GruesbeclandCollins'! performedaseriesof experiments
with syntheticsystemsandproposed setof equationgjovern-
ing the evolution of fines concentration. Subsequentlythese
equationave formedabasisfor numericalstudies.For exam-
ple, OchiandVernouxX? developeda two-dimensionahetwork
modelthatutilized evolution equationssimilar to thosedevised
by GruesbeckandCollinst!. OchiandVernoux? usedthe geo-
metricpropertiesof the network to estimatehe modelparame-
ters(e.g.,entrainmentateanddepositionrate). However, their
approactdid not permitre-entrainmenbf trappedparticles.In
addition, in practiceit canbe difficult to translatethe macro-
scopicpropertieof theformation(porosity permeabilitydam-
age)into network propertiegporeradii, bondlengths).In this
work we presenta methodfor simulatingthe influenceof fines
migration employing a model after Gruesbeckand Collins!?.
Theinitial permeabilityfield is obtainedfrom a hydrocodeus-
ing a modified version of the model presentedby Morris et
al5. Resultsfrom a one-dimensionaiodel simulationarein
excellentagreementvith measuredinesand permeabilitydis-
tributions. We also presentwo-dimensionahumericalresults
which qualitatively reproducesxperimentallyobtainedperme-
ability mapsfor differentvaluesof underbalance-urthercom-
parisonwith experimentis essentialto tune the coupling be-
tweenthe hydrocodeandfinesmigrationsimulator Although,
the permeabilitymodelis mostappropriateéor high permeabil-
ity sandstonegsuchasBerea) theextensionto otherrocktypes
shouldbe straightforvard, givensufficient experimentaldata.

Review of Understanding of Perforation and
Flow Performance

Halleck® providesa review of experimentaland modelingin-
vestigationsof the influenceof perforationsuponflow perfor
mance. Halleck® obsened that mostof the suige cleanupoc-
cursin lessthanl seconcandsuggestethatsuigeflow volume
is not animportantfactor, provided sufficient underbalancés
used. FurthermoreHalleck claimedthat mostof the cleanup
would occurduring the initial, high-ratetransientflow. In this
work we assumethat the cleanupprocesseivolvesaninitial
removal of low permeabilitydebrisfrom thetunnel,followedby
finesmigration. For simplicity we have assumedhatfluid flow
is Darcianthroughoutthe fines migrationstage. Halleck also
obsenedthat permeabilitydamagesxtendsbeyond the visibly
“crushedzone”. He interpretedhis asevidencethatpermeabil-
ity reductionis morea functionof finesmigrationthanof grain
breakagétself. In thiswork we interpretthe permeabilitiepre-
dictedby the hydrocodeto be permeabilitiesof the rock in the
absencef fines. Finesareintroducedinto the simulationasa
functionof historydependentariables.

Halleck et al.*® found that 3000 psi effective overturden
stresscanbe sufiicient to reducepenetratiorby 50% in Berea
Sandstondalthough20% is moretypical). King et al.** stud-
iedthe effect of post-perforatioracidizingonwell productity.
They proposedthat acidizing leadsto increasedwell produc-
tivity for thosecaseswvherethe underbalancevasinsuficient.
They obseredthathigherunderbalanceressuresvereneeded
for lower permeabilityrocks.

Core-flow efficiency (CFE) providesa standardneasuref
the perforationflow performanceThe CFEis theratio of mea-
suredpost-shotflow rateto anideal rate basedupon pre-shot
permeability Core-flav efficiency only providesabulk descrip-
tion of the net effect of the perforator For simplicity, mary
authorsassumehatthe damagedzoneis of constanthickness
(typically about0.4 inches)andconstantreducedbermeability
In this work we seeka detailedmap of the permeabilityfield
surroundinghe perforation.Severalauthorshave directly mea-
suredthe permeabilityfield, usinga variety of techniquesRo-
chonetal.*® measuredhe radial distribution of permeabilityin
aperforatedcoreusingpressurdransientanalysis.They found
thatthe permeabilityfields had a more complex structurethan
often assumedwith a zoneof high permeabilitynearthe per
forationwall anda minimum several millimetersinto the rock.
Unfortunatelythisapproachnvolveschanginghestressondi-
tionsof therock beforepermeabilitycanbemeasuredMore re-
cently, KaracarandHalleck!® usedX-ray CT to provideadirect
determinatiorof flow velocityin samplesvhile maintainingef-
fective stressconditions. Their results(for 350 psi underbal-
ance)show agradualreductionin permeabilityapproachinghe
perforation(seeFigure4a). In contrastvith Rochort®, Karacan
andHalleck!® donot obsere aregion of high permeabilitynear
thetunnelwall.

Several otherstudieshave investigatedhe influenceof the
perforationuponthe rock microstructure Asadiand PrestoA’
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usedSEM andimageanalysisto mapthe damagedone. They
deducedpermeabilitiesusingan empirical model calibratedto
theundamagedock sample.

Particle size analysiscan provide a direct measureof the
distribution of finesandlargerparticleswithin a post-shosam-
ple. Halleck!® investigatedhe distribution of fines(particlesof
diameterlO micronor less)underbalancedonditionsandwith
underbalancén BereaSandstone.Theseresultsindicatethat
theshotbreaksmineralgrainsnearthetunnel,producingalarge
numberof fine particles. For the balancedshot, the finescon-
centrationgenerallyincreasedowardsthe tunnelwall, peaking
at thewall itself. The underbalancetkestresultsindicatedthat
fineshadbeenremovedfrom theregion surroundinghetunnel.
However, betweerD.5and1” from the centerlinethefinescon-
centrationwas obsenedto be higherthanthat of the balanced
shot. This suggestshatfinesmigrateduringthetransientsuige
phasenducedby underbalance.

POROSITY MODEL FOR DYNAMIC CON-
DITIONS

Morris et al.> presenteda model for predictingthe evolution
of the incipient porosity (termed“fluid porosity” in this work
to distinguishit from the bulking porosity) and permeability
of Bereasandstonaindegoing quasistaticdeformation. Un-
derquasistaticonditionsthefluid is freeto equilibrateandthe
porepressurés imposedoy the surroundingluid. For dynamic
experimentswe assumehefluid doesnot have time to flow in
responseo porosity changes.The fluid is confinedwithin in-
dividual poresandlocal fluid pressureespondgo changesn
porevolume.

In thiswork, we extendtheapproachakenby Morris etal.®
to accommodatelynamicconditions. We model Bereasand-
stoneasan elastic-plastianaterialusingthe methoddescribed
in detail by Lomov et al.’® and Rubin et al.2°. Morris et al.
assumedhatthe quasistatidluid porosityis afunctionof effec-
tive meanstressalone,in theabsencef damage:

(Hg _ { ®; — O (Pr— (P1+CP1)) /P1 for ger < Py,

D1 + COpett otherwise.
1)
whereaoes is the effective meanstress,

and(p? is the fluid porosity The materialconstants®s, C, Py,
and®; aregivenin Tablel1. Equation(1) reproducesheinitial
rapid reductionin porosity followed by an extendedregion of
nearlinear dependencepon effective meanstressheforefail-
ureobseredby ZhuandWong*.

Morris etal.> modeledheinfluenceof damagausingacor-
rectionto (1):

(P(f) (Oeﬁ)

%= 10+ (A Ao

®3)

whereA; is adamagevariablewith initial valueAjp. Thedam-
agevariableis evolvedaccordingto

A = ciEpmin(oer,Ps)
+C2H (Teff — Pha) H (Ph2 — Oeft) (—V) 4)

wherec; andc; areconstantsg, is theplasticstrain,andvis the
traceof the velocity tensor(positive indicatesexpansion).H ()
is the Heaviside function and (x) = xH (x). The first source
termincreaseslamagen responsdo plasticstrain. The sec-
ondtermcausesiamagen responséo reductionsn volumeat
high hydrostatidoadsand p1,, and p2y, arethe lower andupper
boundson the effective meanstresgor which this damageerm
is active. The parametersn Table 1 werefound to give good
agreementvith experiment.

In thiswork, we extendthis approacho dynamicproblems.
We use(3) duringinitial loading,however, the confinedfluid is
expectedto force the voids backto their original volumeasthe
effective meanstressreturnsto zero. The volumeoccupiedby
the fluid asthe effective meanstressis reduced(cpf‘) will bea
combinationof porevolumewhich would have openedup un-
derstatic(drained)conditions(cqs) andporevolumewhich has
beenforcedopenby the expandingfluid (¢P):

F=F+F (5)

We assumethat the porosity occupiedby the fluid underdy-
namic conditionsfollows a simple linear form for the return
path:

R = — b (@ — P (Ol A)) ()

Geﬂ

where o is the maximum effective stressover the history
of the materialelement. The form of (6) ensurescontinuity
betweenthe fluid porosity during loading and unloadingand
causeghe fluid porosityto returnto the referencevaluewhen
theeffectivemeanstresds zero. Thefluid porosityis thengiven
by:

@, for Oer > Ol
¢ = (1)
qﬁ, fOf Geﬁ S O—renﬁax

For thedynamiccase porepressurés notprescribedxternally
andwe introduceanextraequatiorto closethesystemandsolve
for theporepressure:

Pp:Kf<%—1> ©)

whereK;s is the fluid bulk modulus,J is the ratio of current
andreferencespecificvolumesof the mixture,and S is a sat-
uration parameter(assumecconstantduring dynamic experi-
ments). Equation(8) wasderived assuminghatthe porefluid
is confinedandobeys a linear equationof state.Eq. 8 refersto
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thefluid porosity soP, mustbe eliminatedfrom (8) and(7) to
obtainthe fluid porosity Regardlessof which portionof Eq. 7
applies,¢x is linearin gef. Theintersectiorbetween(8) anda
straightline:

@ =Doer +E )
is givenby:
¢ = <<p1+\/<p§—4DKfs¢f/J> /2 (10)
where

¢ =E+D(Pn+Ky) (11)

Theeffective meanstresds thencalculatedoy backsubstitution
into (7).

ESTIMATION OF PERMEABILITY

As a first approximation Morris et al.> assumedhat although
the bulking porositymaybe connectedandthereforesaturated
in quasi-statiexperimentsjt doesnot make a substantiaton-
tribution to flow. This is consistentwith the bulking porosity
having poorconnectvity or highersurfaceareato volumeratio.
Using this approximationthe experimentallymeasuregoros-
ity isthesumof thesurviving fluid porosityandinducedbulking
porosity however, only the fluid porosity contributesto flow.
Morris et al.®> obtainedgood agreementvith with experimen-
tally measuregbermeabilitiedy using:

K = exp(—7.84+657¢ (Oer,A)
—13.0min(A — Ap,0.11)) (12)

We assumethat the permeabilitydue to the bulking porosity
andcpfD canbe neglectedin comparisorwith the permeability
dueto qf This approximationmay not be appropriateor low
porosity/permeabilityockswherethe permeabilityof the bulk-
ing porosity may exceedthe initial permeability Futurework
will concentrat®n developingamorecomprehensieapproach
to estimatingpermeabilityby linking damageto permeability
directly throughthe conceptbof interstitial area.

MODEL FOR ENTRAINMENT AND DEPO-
SITION

We employ a model after Gruesbeckand Collins't. Their ap-
proachassumeghat the porousmediummay be modeledlo-
cally by parallel-pathvays(seeFig. 1). In a givenrepresenta-
tive elementalvolume (REV) of the pore spaceit is assumed
that the fluid pathway hastwo continuing, parallel branches:
oneof smallsizein which finescanform plugs,andthe other,
of largerporesize,in which only surfacenon-pluggingdeposits
occut Finestrappedin the pluggingporescannotbereleased,
while finesin thenon-pluggingoorescanbere-entrainedy the
fluid. Theratio of thefinessizeto the poresizedeterminesvhat
fractionsof flow pathwaysarepluggingor non-plugging.

Within eachREV we divide the finesinto threeconcentra-

tions:
C concentratiorof freefines,

carriedin suspensioiy thefluid
onp concentratiorof finesonwalls of All
non-pluggingpores
op  concentratiorof fineson walls of pluggingpores
concentrationsare expressedn termsof volume of solid per
unit volumeof fluid (m3/m3). In particulas onp anda, arevol-
umesof solid perunit volumeof fluid in non-pluggingandplug-
ging poresrespectiely. Within eachREV it is assumedhepore
volumecanbedividedinto afraction f which consistsof plug-
gablepathways and a fraction 1 — f which is non-pluggable.
Thevalueof f will dependuponthe local distribution of pore
diametersandthe particlesizedistributionsof fines. In the ap-
plicationsconsideredby Gruesbeckand Collins'! f wascon-
stantthroughoutspace however, for otherapplications,f can
vary from point to point to modelvariationsin poreor particle
distributions.

GruesbeclandCollins'! performeda seriesof experiments
with syntheticsystemsandproposed setof equationgjovern-
ing the evolution of C, anp, andap. If we assumethe fines
occupy arelatively smallfraction of the availableporevolume,
themasshalanceof finescanbe stated:

oC  oC do

Pat ~ Uox ~ %ar

Here@is the porosity u is the volumeflux density(g/A) ando
is total concentratiorof depositedines:

Hereup and unp arethe volumeflux densitiesin the plugging
andnon-pluggingporesrespectiely.
In the non-pluggingpathways,entrainmentinddeposition

canoccur, andGruesbeclandCollins'! proposedhefollowing
form to fit their experimentakesults:

(13)

00np

ot
Here, uc, denotesthe critical volume flux densityrequiredto
entrainparticlesanda and areconstantsand

_ [ 0, ifx<0O,
(x) _{ X, otherwise. (17)

= —a (Unp— Uc) Onp+ BC (16)

The pluggingpathwaysonly permitparticledeposition:

% = (8+ pop) upC (18)
Hered andp areconstantsGruesbeclandCollins'! arguedthis
form is appropriatesincepluggingdepositioncannotoccurfor
zeroup.

GruesbeclkandCollins'! usedDargy’s law to describeflow
diversionphenomenin termsof the permeabilitief the plug-
ging (Kp) and non-plugging(Knp) paths. The permeabilities
wereassumedo befunctionsof the depositedinesfraction.
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APPLICATION OF THEORY TO PER-
MEABILITY DAMAGE DUE TO SHAPED
CHARGE PERFORATION

In this work we considera cylinder of rock, discretizedinto a
regularcylindrical co-ordinatesystem.Within eachcell we ap-
ply the equationgor evolution of C, onp, andop andcalculate
fluxesof particlesbetweencells usingfluid fluxesbasedupon
Dargy’s law. The pressurdield at eachtime stepis obtained
using a Poissonsolver. To demonstratehe suitability of the
model of Gruesbeckand Collins!?, we first considera model
one-dimensiongbroblemwhich captureshekey featureof the
experimentallyobsenedresults.

Permeability measurementoobtained by Karacan and
Halleck?? (seeFigure 4a) for 750 psi underbalancén Berea
Sandstonexxhibit a reducedpermeabilityzoneat a radius of
2 cm from the tunnel axis. Halleck!® investigatecthe distri-
bution of fines (particlesof diameter10 micron or less)un-
derbalancedtonditionsandwith underbalancéor BereaSand-
stone. For the balancedshot, the finesconcentratiorgenerally
increasedowardsthe tunnel wall, peakingat the wall itself.
The 1500 psi underbalanceestresultsindicatedthat fineshad
beenremoved from the region surroundingthe tunnel. How-
ever, betweer0.5and1” from the centerthefinesconcentration
wasobsenedto be higherthanthat of the balancedshot. This
suggestshatfinesmigrateduring the transientsuge phasein-
ducedby underbalanceTheseresultsalsosuggest modelin
which there are four zoneswhere differentfines erosionand
depositionprocesseareat work for sufficient underbalancen
BereaSandstonéseeFigure?). The balancedinesconcentra-
tion peaksin region|, closesto thetunnelwall. Underbalance,
however, remosesmostof thefinesfrom region I. In region I,
permeabilityreductionis obsened for sufficient underbalance
(seeFigure4a), suggestingineshave migratedhereand have
beendeposited.Region Il exhibits a slight reductionin fines
concentratiorwith underbalancandis the probablesourceof
the fines depositednto region Il. Region IV shows relatively
little changein fines concentratiorbetweenbalancedand un-
derbalancedonditions.

We expectthe porevolumesto be mostrestrictedn region
I, sincethis corresponddo the mostdamagedock. The un-
derbalancedesultssuggestthat even with thesesmall pores,
the fines canstill be flushedout. This implies that thereare
no pluggingporesin region | (sincethesecould be expectedto
permanenthcapturea fractionof thefines).In thiswork we as-
sumethattherock containsnon-pluggingporesthroughoutand
thatfines may be re-entrainecht ary location, given sufficient
flow velocity.

If we assumehe flow during the transientsuige resulting
from underbalancés radially symmetric(no axial flow) then
thelocal flow velocity is:

Q

u=—

21r

whereQ is the rate of flux into the tunnelfrom the resenrwoir.

(19)

Clearly region | will have the highestflow velocity, possibly
greatlyexceedinguc, andconsequentlyxtensie fineserosion
occurs.Region Il will have a lower flow velocity, possiblybe-

low ug, leadingto a netaccumulationof fines. However, we

obsenre thatfinesareremovedfrom region Ill, wherethe flow

velocity is evenlower. This suggestshatu. may have a lower

valuein regionlll thanin region| or Il. In thiswork we assume
thata andf areuniform throughoutthe flow domainandthat

thecritical flow velocity, uc, variesdependinguponthedamage
sustainedy therock. Figure3 demonstratebow variationsof

uc with radiuscanleadto alternatingzonesof fineserosionand

deposition. In Figure 3 we have taken the simplestapproach
with u¢ having a constantinitial, undamagedalueandassume
ahigher, constantaluein thedamagedone.

We have exercisedthis simplemodelwith our finesmigra-
tion simulator Our simulatoris fully two-dimensionalput for
this simpleproblemwe constructed one-dimensiongbroblem
by consideringa cylinder of rock of radius4.5¢cm, lengthl cm,
discretizednto squarecells of dimension0.75mm with a tun-
nel of radius0.75cm alongthe axis. We assumehatthe rock
containsnon-pluggingporesonly:

f=0 (20)

For the model problemwe assumea simplelineardependence
of the permeabilityin theabsencef fines:

—0.007
300mD (o.1+ 0.9m 01 - 88705 5) ,
Ko = y (21)
for 0.0075m < r < 0.015m,

300mD, otherwise.

Therewas no variationin permeabilityin the axial direction,
thusthe resultingflow is radially symmetric. We usethe fol-
lowing valuesfor the entrainmentaindcapturerateconstants:

a = 1700nT?t (22)
B = 11st (23)
We also assumea simple linear dependencef permeability
uponlocal concentratiorof trappedfineswhich approximately

mapsthe measuredinesconcentrations to the measureger
meabilities(Figure4a)

K =Ko (1— 30np) (24)

Thecritical flow rate,uc, is assumegbiecavise constantwith a
largervaluein adamagedonewithin 2.5cm:

(25)

_ J 0.0375m/s  forr < 0.025m,
€71 0.0113m/s otherwise.

Thevolumeof freefinesperfluid volumewasinitially setto:

c= % [(o.oos/r)2 + 0.1] (26)
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The initial trappedfines concentrationwas zero. Pressure
boundaryconditionsrepresenting/50 psi underbalancevere
appliedto the tunnel and outer surface of the problem, with
no-flow boundariesat eitherend. The resultsobtainedby the
fines migration simulatorafter 1 secondof flushing are com-
paredwith experimentin Figure4. The resultsare generally
in goodagreementyith the simulationexhibiting the obsened
alternatingzonesof fines erosionand deposition. The simu-
lationsof 750 psi underbalancehav accumulatiorof finesbe-
tweenaboutl.5cmand2.5cmwith removal of fineselsevhere.
The shapeof thefinesprofile betweerl.5cmand2.5cmis de-
terminedby the relative valueof a andp. A largervalueof 3
resultsin morefinesaccumulatingnear2.5cm. In thefollowing
sectionwe applythis sameapproactto the clean-upprocessn
afully two-dimensionapermeabilityfield obtainedrom a sep-
aratehydrocodesimulationof the penetratar

Mapping the Hydrocode Results to the Fines
Simulator

We seekto maptheresultsfrom theendof thehhydrocodesimu-
lation of perforationinto suitablevaluesfor finesconcentration,
permeabilityin the absenceof fines,anduc. The initial con-
ditions obtainedmustbe consistentwith the available experi-
mentaldataandyet be simpleto implementwith a minimum
numberof assumptions.

Figure5 shavsapermeabilitymapasafunctionof distance
from the tunnelwall anddistancefrom the entrancefor Berea
Sandstongerforatedwith 350 psi underbalancepbtainedby
Karacanand Halleck’?. Theseresultsshav reducedperme-
ability nearthetunnelwith particularlylow permeabilitieshear
the entranceandtowardsthe otherendof the tunnel. Figure6
and 7 shav the permeabilityfield predictedby the hydrocode
simulationwith and without fines, respectiely, for balanced
conditions. Although exhibiting significantvariability, the hy-
drocodepermeabilitypredictionsalsoshow reducedpbermeabil-
ity nearthetunnelwall, with permeabilityreductionlargestnear
the opening. The axial variationin permeabilitypredictedby
simulationis in contrastwith theinterpretatiorof Karacanand
Halleck’?. They attribute the axial variationin permeability
to variationsin the pre-shotpermeabilityof the rock because
the outermostpermeabilitymeasurementapproacha constant
nearthe openingand at the other end of the tunnel (indicat-
ing the permeabilityis independenof radiusbeyond 1.5 cm at
theselocations). However, the outermostpermeabilitiesmea-
suredbetween5 cm to 10 cm from the tunnel entrancediffer,
castingsomedoubton thisinterpretation Neverthelessgespite
thesequalitative differencedetweerhydrocodesimulationand
experimentit is possibleto achieve a global fit of post-fines
migration permeabilityto experiment. By varying a, 3, and
uc throughoutthe problem, permeabilitycan be enhancecdbr
decreaseth orderto reducethe differencedetweenmeasure-
mentandsimulation. However, giventhe limited experimental
dataavailableto matchagainstit is unclearthatsucha global
fit would beinformative. For example,given one permeability

mapit is unclearwhetherit is the hydrocodeparametersr the
finesmigrationparametersvhich shouldbe modifiedto achiere
a betterfit. In this work, therefore we attemptedo matchthe
obsenedclean-upat certainlocationsalongthe perforation as-
sumingthata and 3 were constantthroughout,andrelateduc
directly to hydrocodehistory dependentariables.Oncemore
measuredpermeabilitymapsare available (both for a wider
rangeof underbalanceandfor multiple coresat eachlevel of
underbalancei} will be possibleto determinewhatparameters
are neededwithin the hydrocodeandthe functional forms for
a, B, andu, in termsof hydrocodehistorydependentariables.

We assumethat the permeability obtainedfrom the hy-
drocode(12) representshe permeabilityof the rock in the ab-
senceof fines. Theexperimentadataof ZhuandWong?* (upon
which our hydrocodepermeabilitymodelis based)provide no
insight into the role of fines migration. We assumethat the
shock loading accompaying perforationreleaseanore fines
andthatit is appropriateo considerthe hydrocodepermeabili-
tiesasanupperlimit in theabsencef fines.

Ourfinesmigrationsimulatorcannotsimulatethe obsened
removal of debrisfrom the tunnel, so we needto make some
assumptionsegardinghow muchmaterialis removed. Further
more, Halleck claimedthat mostof the cleanupwould occur
during the initial, high-ratetransientflow, at which point the
pressuregradientwill be highestacrosslow permeabilityre-
gions.We assumehatall materialwith permeabilityiowerthan
6 mD is removed. Theremoval of this materialis simulatedby
replacingit with materialwith a permeabilityof 20000mD.

At the startof thefinesmigrationsimulationit is assumed
that all available finesare shalenlooseinto suspension.The
following was found to give good agreementvith the experi-
mentallymeasuredinesfraction'® for balancedconditionsasa
functionof radius:

c = %, [6,/0.3 @7)
Op 0 (28)
op = O (29)

Hereg, is the local plasticstrainin the rock predictedby the
hydrocode.

The critical velocity, uc, is a key parametemwhich deter
mineswherefineserosionanddepositionwill occur We found
that

Ue = 0.025min (22Cep, 1.0)° (30)

worked well in reproducingthe captureof finesat a radiusof
about2 cm.

For simplicity the other model parametersvere assumed
constant:

a = 1120m* (31)
B = 2255t (32)

Theseparametersleterminethe timescaleover which cleanup
occurs.Thevalueof theseparametersvasfoundto belesscru-
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cial, provided thereis sufiicient time to flush the fines. This
reflectsHalleck’s® obsenationthatsumge flow volumeis notan
importantfactor provided sufficient underbalances used. It

maybemoreappropriatéo varythesegparametersiith position,
however insufficient datawere availableto provide a rationale
for afunctionalform for a andp.

As with the model problem,we assumedh simple linear
dependencef permeabilityuponlocal concentratiorof trapped
fineswhich approximatelymapsthe measuredinesconcentra-
tionsto themeasuregbermeabilities:

K = Ko (1— 300p) (33)

This approachwas usedto simulatethe penetratiorntestsper
formed by Karacanand Halleck?. Figure 8 shows a two-
dimensionalmap of the permeability enhancementor the
750 psi simulation. The simulationpredictspermeabilityen-
hancementn the vicinity of the tunnelwall with a reduction
in permeability(dueto finesaccumulationeyond 6 cm from
the tunnelentrancebetweerabout2 and3 cm radius. Karacan
and Halleck?? do not provide a permeabilitymap for 750 psi
underbalancebhut provide detailedradial permeabilityprofiles
only at 3.4 cm (750 psi case)and 2.8 cm (350 psi case)from
thetunnelentrance Figures9 and 10 compareexperimentand
simulatedresultsasa function of distancefrom the tunnelwall
to removetheeffect of variationsin tunneldiameter Theradial
profilesfrom Karacanand Halleck®? were madeto be a func-
tion of distancefrom the tunnelwall usingtunneldiametersof
1.3cm (750 psi) and1.2 cm (350 psi). The bestfit to the ob-
senedclean-upandfinesmigrationwasat a distanceof 9.5cm
from the entrancgseeFigure9). Closerto the tunnelentrance
the hydrocodesimulationpredictsgreaterpermeabilityreduc-
tion, and consequentlythe flux densityis lower andrelatively
little finesremoval occurs.Towardthetip of the penetratiorata
distanceof 13.2cm from the entrancehe simulatedpermeabil-
ity profile is similar to thatobsenedby KaracanandHallecké?
at 3.4cmalthoughthe simulatedpermeabilityis highercloseto
thewall. In addition,Figure10 showvsthatthe highersimulated
permeabilityat this distancefrom the entrancepermitsremoval
of fine particleswithin about0.25cm of the tunnelwall even
for 350psiunderbalance.

DISCUSSION

We have presentednapproacHor predictingthe detailsof per
meability damageandcleanuparoundperforationtunnels.Re-
sultsobtainedusinga modelone-dimensionadimulationof the
clean-upprocessare in excellentagreementvith experiment.
We alsopresented fully two-dimensionakpproachinvolving
two steps:

e Calculatedamagendpermeabilityin theabsencef fines
usinga hydrocode.

¢ Estimatecleanupusingafinesmigrationsimulator

Theresultsof the simulationsarein qualitatve agreementvith
availableexperimentalresults. The predictedpermeabilityand
fines distributions are in good agreementvith experimentat
certain locationsalong the core. However, the permeability
field predictedby the hydrocodeexhibits significantvariabil-
ity alongthe core,with greatlyreducedpermeabilityat the en-
tranceandrelatively little reductiontowardsthe tip. The per
meability mapsobtainedby Karacanand Halleck’? alsoshav
similar variationin permeabilityparallelto thetunnel.Karacan
andHalleck’? arguethatwhennormalized this variationis re-
duced however, moreresultsfor multiple coresarerequiredto
confirmthis interpretation Beyonda distanceof 7 cmfrom the
tunnelentrancethesimulationsshav similarzone<of finesero-
sion and depositionto thoseobsened experimentally Closer
to the tunnelentrancethe predictedpermeabilityis lower and
less fines migration occurs. Given the limited experimental
dataavailable to matchagainst,it is unclearwhetherit is the
hydrocodeparametersr the finesmigrationparametersvhich
shouldbe modified to achieve a betterfit. Although o and 3
are expectedto vary with damagejn this work we attempted
to matchthe obsened clean-upat certainlocationsalong the
perforation,assumingthata and 3 were constanthroughout,
andrelatedu, directly to the plasticstrainpredictedby the hy-
drocode.Oncemoremeasureghermeabilitymapsareavailable
(bothfor awider rangeof underbalanceandfor multiple cores
at eachlevel of underbalancei will be possibleto determine
appropriatgparametersvithin the hydrocodeandthe finesmi-
grationsimulator In particulay amorecomprehensie seriesof
measuredermeabilitymapswill enablefunctional forms for
a, B, andu in termsof hydrocodehistory dependenvariables
(damagestrain,porosity)to bedetermined.

In this work we consideredonly the behaior of Berea
Sandstone. Berea Sandstondliffers from mary other sand-
stonesn thatis is both highly permeableandhasa substantial
clay content.ConsequentlyBereaSandstonenaybemoresus-
ceptibleto thereleasemigration,andsubsequerdepositionof
finesthanmostotherrocks®. Experimentallymeasuregerme-
ability mapsfor a wider rangeof rocksarerequiredbeforethe
modelpresentedh thiswork canbeusedo predictthebehavior
for otherrocks. In this work we have not consideredhe rateof
thecleanupprocesggovernedby a and3). A morecomprehen-
sive study addressindhe role of flow volume during the post
perforationsumge, andemploying more measureghermeability
maps,would provide stricterboundsuponthe model parame-
ters. In addition,we have not addressethe processeshereby
very low permeabilityrubbleis removed from the tunnel, but
have useda cutoff to determinewhat materialis removed. A
separatenodelcouldbedevelopedpossiblysimilarto thatused
by Halleck®) to simulatethis process.

The permeabilityobtainedfrom the hydrocodeemployed
a damagevariablewhich is not definedin termsof pore-scale
properties. However, we have attemptedo relatethe damage
predictedby thehydrocodeo theinitial finesconcentratiorand
critical volumeflux within the core. A moreversatileapproach
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would employ a damagevariabledirectly associatedvith the
evolution of pore-scaleproperties suchasthe interstitial area.
This would be more amenableo physicalargumentsregard-
ing finesproduction,permeability andcritical volumeflux. It

would alsobe morecapableof predictingthe responsef other
rocksor the effect of differentporefluids.

We expectthe methodsdevelopedin this paperto leadto
moreefficient cleanupof perforations.For example,oncesuf-
ficient dataare obtainedto characterizanodel parametersit
shouldbe possibleto substantiallyreducethe numberof tests
requiredto obtainbestresults. Computersimulationwill help
identify the optimum balanceconditionsand sumge rate for a
given perforator and operatingconditions, and also perhaps
allow exploration of new conceptssuch as whethermultiple
surgesmightimprove coreflow efficiency.
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Equationof Referencalensity Po 2.32g/cn?
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Hugoniotslopes S1 2.76
S -1.986
S -1.987
Grineisercoeficient r 0.5
Elastic Initial sheamodulus Go 1.625GPa
Sheamodulusslope kq 4.540MPa?!
Sheamoduluscoeficient ko 0.3971MPa1
Plastic: Initial yield Yo 11 MPa
Mohr- Pressurédnardeningslope ks 121GPat
Coulomb Pressurénardeningcoeficient ka4 0.9957GPa1
friction Strainhardeninghreshold Y1 230MPa
Strainhardeningcoeficient K 20GPa
Plastic:Strength| Strengthcoeficient A 0.8956GPa
of undamaged | Critical plasticstrain B 158.6
material Pressurslope C 201.2GPa?!
Lddeangle Dilation pressure Pq 0.01MPa
parameters Mohr-Coulomb-Misedransition Q 0.0291
Bulking Coeficient my 1.0
Maximum porosity @om 0.25
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